After a spinal cord injury (SCI), CNS axons fail to regenerate, resulting in permanent deficits. This is due to: (1) the presence of inhibitory molecules, e.g., chondroitin sulfate proteoglycans (CSPG), in the glial scar at the lesion; and (2) the diminished growth capacity of adult neurons. We sought to determine whether expressing a constitutively active form of the GTPase Rheb (caRheb) in adult neurons after a complete SCI in rats improves intrinsic growth potential to result in axon regeneration out of a growth-supportive peripheral nerve grafted (PNG) into the SCI cavity. We also hypothesized that treating the glial scar with chondroitinase ABC (ChABC), which digests CSPG, would further allow caRheb-transduced neurons to extend axons across the distal graft interface. We found that targeting this pathway at a clinically relevant post-SCI time point improves both sprouting and regeneration of axons. CaRheb increased the number of axons, but not the number of neurons, that projected into the PNG, indicative of augmented sprouting. We also saw that caRheb enhanced sprouting far rostral to the injury. CaRheb not only increased growth rostral and into the graft, it also resulted in significantly more regrowth of axons across a ChABC-treated scar into caudal spinal cord. CaRheb ϩ neurons had higher levels of growth-associated-43, suggestive of a newly identified mechanism for mTOR-mediated enhancement of regeneration. Thus, we demonstrate for the first time that simultaneously addressing intrinsic and scar-associated, extrinsic impediments to regeneration results in significant regrowth beyond an extremely challenging, complete SCI site.
Introduction
Adult axons fail to regenerate after spinal cord injury (SCI), resulting in permanent motor, sensory, and autonomic deficits. One obstacle impeding successful regeneration of severed axons is the glial scar comprised of reactive astrocytes within the lesion penumbra, and macrophages and fibroblasts invading the lesion core (Soderblom et al., 2013; Wanner et al., 2013; Cregg et al., 2014) . The scar is rich in growth inhibitory molecules, including chondroitin sulfate proteoglycans (CSPGs; Fitch and Silver, 2008; Afshari et al., 2009) . Studies have shown that digesting CSPGs with the bacterial enzyme chondroitinase ABC (ChABC) improves axonal sprouting and regeneration after a SCI (Brad-bury et al., 2002; Barritt et al., 2006; Tom et al., 2009a Tom et al., , 2013 Starkey et al., 2012) . ChABC-treatment of the scarred boundary between a growth-supportive peripheral nerve grafted (PNG) into an injury cavity and host spinal cord permits some axons to traverse the interface, synapse upon distal neurons, and mediate some functional recovery (Houle et al., 2006; Tom et al., 2009b; Alilain et al., 2011; . Even with the removal of this inhibitor, though, only ϳ20% of axons emerge from the graft to reinnervate distal spinal cord. This is due to another obstacle; the diminished intrinsic capacity for growth of adult neurons.
Lower expression levels of growth-associated proteins in adulthood than in development limit a mature neuron's ability to regenerate . Mammalian target of rapamycin (mTOR) is a key regulator of protein synthesis. Decreasing levels of genes that indirectly inhibit mTOR, e.g., phosphatase and tensin homolog (PTEN), in neonatal rodents results in increased mTOR activity and axonal growth after SCI sustained in adulthood Zukor et al., 2013) . Although these data demonstrate the proof-of-principle that increasing the activity of protein synthesis machinery can augment axonal growth, it is important to note that in these studies, PTEN was knocked out months before the injury. Recently, Lewandowski and Steward (2014) and Danilov and Steward (2015) demonstrated that postinjury shRNA-mediated silencing of the PTEN gene in an incomplete SCI model, including in combination with injections of salmon fibrin into the lesion site to provide a growth supportive substrate, results in an increased presence of corticospinal tract fibers rostral to the injury and some caudal to injury site. It is unclear, though, how much of the effect seen was due to diminished dieback or frank regrowth. Additionally, the scar was not directly modified in either of these experiments.
Another way to activate mTOR is with a constitutively active Rheb (caRheb; Ras homolog enriched in brain), the GTPase that is directly upstream of mTOR (Durán and Hall, 2012) . This version contains a point mutation that results in Rheb being persistently bound to GTP and activated (Kim et al., 2012) . Here, we sought to more definitively determine whether increasing mTOR activity (via expressing caRheb) in adult neurons after complete SCI is sufficient to increase intrinsic growth capacity of mature neurons to significantly improve regeneration out of a PNG. Additionally, we hypothesized that concurrently tackling both intrinsic and extrinsic obstacles (i.e., CSPGs within the glial scar) to successful axon regeneration will be additive. To this end, we activated mTOR via caRheb postinjury and modulated the inhibitory glial scar distal to a PNG using ChABC. We found that targeting this pathway at a clinically relevant post-SCI time point improves both sprouting and regeneration of axons. Additionally, we provide data demonstrating, for the first time, that simultaneously addressing neuron-related, intrinsic deficits in axon regrowth and extrinsic, scar-associated impediments to regeneration (i.e., caRheb combined with ChABC) results in significant regeneration after SCI.
Materials and Methods
Animals. Adult female Wistar rats (225-250 g weight: Charles River Laboratories) were housed and used in accordance with Drexel University Institutional Animal Care and Use Committee and National Institutes of Health guidelines for experimentation with laboratory animals. During surgery, animals were anesthetized with isoflurane and kept on a heating pad to prevent hypothermia. After all survival surgeries, animals were given Lactated Ringer's, cefazolin (20 mg/kg), and buprenorphine (0.1 mg/kg). They were returned to their home cages once they became alert and responsive. Rats were housed two per cage with ad libitum access to food and water. All rats that received spinal transections had their bladders manually expressed at least twice a day for the duration of the study.
All rats receiving PNGs were given cyclosporine A (10 mg/kg, s.c., Sandimmune; Novartis Pharmaceuticals) daily starting 3 d before receiving their grafts. This immunosuppression protocol has been used previously to successfully prevent against host rejection and promote long-term survival of an intraspinal graft (Tobias et al., 2003; Houle et al., 2006) .
Preparation of adeno-associated viral vectors. All single-stranded adeno-associated virus serotype 5 (AAV5) vectors were obtained from the University of North Carolina's Gene Therapy Center. The reporter green fluorescent protein (GFP) was driven by a chicken ␤-actin promoter. The Burke laboratory provided the plasmids to express caRheb under the control of a chicken ␤-actin promoter (Kim et al., 2012) . This plasmid also contained a FLAG tag so that neurons transduced to express caRheb could be identified. We found that expression of the FLAG tag was restricted to the soma and was not transported down the axon (data not shown). However, GFP does fill the axoplasm following neuronal transduction . Because injecting a mixture of AAVs into CNS tissue results in the vast majority of transduced neurons coexpressing both transgenes (Fan et al., 1998; Ahmed et al., 2004) , we mixed AAV5-GFP with AAV5-caRheb before injection so that we could use GFP to identify the axons of caRheb-expressing neurons. We found that injecting a mixture of equivalent titers of AAV5-GFP and AAV5-caRheb-FLAG into spinal cord rostral to a spinal transection transduces the same neurons (see Fig. 6 ).
For caRheb-treated animals, 2 l of AAV5-GFP (8 ϫ 10 9 GC/l) and 8 l of AAV5-caRheb (2 ϫ 10 9 GC/l) were mixed (final titer of 1.6 ϫ 10 9 GC/l for each vector). For simplicity's sake, this will be referred to as the AAV-caRheb group. For GFP-treated animals, 2 l of AAV5-GFP (8 ϫ 10 9 GC/l) was mixed with 8 l of PBS for a final titer of 1.6 ϫ 10 9 GC/l. Preparation of peripheral nerve graft. One week before grafting, tibial nerves of deeply anesthetized donor rats were isolated, ligated, and then completely severed using microscissors. The overlying musculature was sutured shut with 5-0 Vicryl and the skin was closed with wound clips. One week later, donor rats were anesthetized with ketamine (60 mg/kg) and xylazine (10 mg/kg) just before nerve harvest.
Preparation of osmotic minipumps to deliver ChABC. Osmotic minipumps (Alzet, no. 2002) were used to intrathecally deliver ChABC (Amsbio) or PBS vehicle to the graft interface for at least 2 weeks. Because ChABC alone is thermolabile, we mixed it with the sugar trehalose to thermostabilize it . The minipumps were prepared 1 d before implantation so that they could be primed to deliver ChABC or PBS to the injury site immediately upon placement in vivo. The mixture of ChABC (1U/ml) and trehalose (1 M in 0.1 M PBS) was loaded into the osmotic minipumps. An intrathecal catheter (ReCathCo) was attached to the minipump. The loaded pumps were incubated in sterile saline at 37°C overnight and were removed from the warmed saline solution just before implantation.
Transection injuries and AAV injections. A laminectomy was performed at the T6 and T7 vertebral body to expose the T7-T8 spinal cord. The dura was cut with a microknife along the rostral-caudal axis. Approximately 2 mm of spinal cord at T7 was gently removed via aspiration to completely transect (Tx) the cord. Gelfoam pledgets were placed into the cavity to achieved hemostasis. Similar to previously used methodology , immediately after T7 Tx, a mixture of AAV5-caRheb and AAV5-GFP (n ϭ 18; referred to as the AAV-caRheb group, for simplicity's sake) or AAV5-GFP alone (n ϭ 18) was injected into spinal cord just rostral to the transection site using a glass micropipette attached to a Hamilton syringe (Fig. 1A) . Specifically, as summarized in Figure 1B , 1 l of AAV5 (1.6 ϫ 10 9 GC) was slowly injected: bilaterally just medial to the lateral edge of the spinal cord at a depth of 1 and 2 mm to target the lateral and ventral funiculi; bilaterally 1 mm lateral to midline at the depth of 2.5 and 1.5 mm to target gray matter; at midline at a depth of 1 mm to target the dorsal funiculus. Thus, a total of 9 l was injected per rat.
Just after the AAV injections were completed, four segments of predegenerated tibial nerve from a donor rat was dissected and grafted into cavity. The PNG segments were long enough to span the lesion site (2-3 mm) and were placed such that they aligned along the dorsal-caudal axis of the spinal cord (Fig. 1A) . The dura was stitched shut using 10-0 sutures.
The osmotic minipumps containing either ChABC (n ϭ 18) or PBS (n ϭ 18) were placed subcutaneously. To do this, a small incision was made in the dura above T8. The catheter was carefully threaded subdurally until the end lay just rostral to the caudal graft interface (Fig.  1A) . The catheter was held in place via suturing to both the dura and neighboring muscle. After fixing the position of intrathecal catheter, the laminectomy site was covered with a SILASTIC membrane (BioBrane; UDL Laboratories). The overlying musculature was closed using 5-0 sutures, and the skin was closed using wound clips.
Thus, there are four groups of animals: (1) AAV-GFP ϩ PBS (n ϭ 9), (2) AAV-caRheb ϩ PBS (n ϭ 9), (3) AAV-GFP ϩ ChABC (n ϭ 12), and (4) AAV-caRheb ϩ ChABC (n ϭ 12).
True Blue labeling of neurons regenerating into PNG. A separate cohort of animals was used to identify the population of the neurons whose axons grow into the PNG via the retrograde tracer True Blue (TB; David and Aguayo, 1985; So and Aguayo, 1985; Houle, 1991; Ye and Houle, 1997; Decherchi and Gauthier, 2000) . Immediately after T7 Tx, AAV-caRheb/ GFP or -GFP was injected rostral to the Tx, as described above. Right after that, two segments of predegenerated tibial nerves were removed from a donor rat. For each segment, the perineurium was peeled from the proximal nerve end and the proximal end was placed into the Tx site so that it apposed the rostral wall of the lesion cavity. The nerve graft was secured by suturing perineurium to the dura using 9-0 sutures. The distal end of the PNG was covered with BioBrane and left free outside the spinal column, unapposed to any neural tissue. Dorsal muscles and the skin were closed and the rats were allowed to recover as indicated above.
One month later, graft recipient animals were anesthetized and the grafts were exposed. The distal end of the PNG was trimmed and treated with gelfoam soaked with 5% TB in distilled water to retrogradely label neurons that had grown an axon into the graft. Animals were killed and perfused transcardially with 4% PFA 1 week later. The brains and spinal cords rostral to transection were removed and 50 m transverse sections were cut on a cryostat and collected serially. Every other section was mounted on glass slides, coverslipped using FluorSave, and examined using a Leica DM5500B microscope. All TB ϩ neurons in each analyzed section was manually counted and subsequently summed for each animal. Counting was conducted while blind to the treatment group. Numbers of TB-labeled neurons in spinal cords and brainstems between animals receiving AAV-GFP or AAV-GFP/caRheb injections were compared with a Student's t test ( p Ͻ 0.05; GraphPad, Prism 5).
Injecting Fluorogold into spinal cord caudal to graft. To determine the source of axons that regenerate out of the PNG, animals received a T7 Tx, injections of AAV-GFP (n ϭ 3) or AAV-caRheb/GFP (n ϭ 3) rostral to the transection site, grafts of PN to fill the cavity, and intrathecal delivery of thermostabilized ChABC to the distal graft interface via osmotic minipump, as described above. Three months after the T7 Tx injury and grafting, animals were anesthetized with isoflurane. The T7 Tx site was exposed and a laminectomy was performed to remove the T9 vertebral body. With a pulled glass pipette attached to a Hamilton syringe, 0.08 l Fluorogold (FG; 1% in distilled water; Fluorochrome) was injected into nine different sites (similar to AAV injections, as described above) in the spinal cord 7 mm caudal to the PNG. FG was injected so far caudal to where we saw regrown axons to prevent diffusion of the tracer into the PNG, which would result in labeling neurons that did not extend beyond the PNG. Thus, only neurons that extended axons out of the PNG were able to take up the tracer and retrogradely transport it to their soma rostral to the Tx/PNG site.
Animals were perfused 1 week later. Brains and spinal cord rostral to the Tx were sectioned and mounted on slides. All FG ϩ cells were counted in sections 50 m apart and compared using a one-way ANOVA and post hoc Fisher's LSD ( p Ͻ 0.05, criterion for significance). Analysis was done blinded to the treatment group.
Histology. At 1 or 3 months after Tx and grafting (n ϭ 3 per experimental group per time point), animals were killed with Euthasol and perfused with ice-cold 0.9% saline followed by ice-cold 4% PFA. The spinal cords and brains were dissected out, postfixed in the same fixative overnight at 4°C, and then cryoprotected in 30% sucrose for at least 48 h. Tissues were embedded in OCT and cut on a cryostat. Thirty micrometer horizontal sections of spinal cord tissue containing the graft and tissue 5 mm rostral and 10 mm caudal to the lesion site were cut serially. Thirty micrometer brain sections were cut transversely and collected serially. Sections were blocked in 5% normal goat serum, 10% BSA, 0.1% Triton X-100 in PBS for 1 h. After blocking, sections were incubated with anti-GFP (1:500; Millipore) to visualize axons of transduced neurons, anti-FLAG (1:1000; Sigma-Aldrich) to visualize neurons transduced to express caRheb, anti-phosphorylated ribosomal protein S6 (p-S6; 1:800; Cell Signaling Technology) to indicate mTOR activity; anti-growthassociated protein-43 (GAP-43; 1:800; Millipore); anti-glial fibrillary acidic protein (GFAP; 1:500; Millipore) to visualize astrocytes in host spinal cord, anti-postsynaptic density protein 95 (PSD-95; 1:400, Cell Signaling Technology) to visualize a postsynaptic scaffolding component of glutamatergic synapses anti-vesicular glutamate transporter 2(VGLUT2; 1:2000, Millipore) to indicate glutamatergic axons, antisynaptophysin (1: 400; Millipore), a presynaptic component, CS-56 (1: 400; Sigma-Aldrich) to visualize intact CSPG, or anti-C-4S (1:400; Millipore) to visualize ChABC-digested CSPG "stubs." After overnight incubation with primary antibodies at 4°C, sections were washed, incubated with appropriate AlexaFluor-conjugated secondary antibodies (Invitrogen) for 2 h, washed in PBS, mounted onto slides, and coverslipped with FluorSave (EMD Chemical). Stained sections were analyzed on Olympus BX51 and Leica DM5500B epifluorescent microscopes and Figure 1 . Schematic of the transection and grafting paradigm. A, Spinal cord of adult rats was completely transected at T7. Immediately after transection, AAV5-GFP or AAV5-caRheb mixed with AAV-GFP was injected into spinal cord immediately rostral to the injury site. After the injections were completed, segments of predegenerated PN were grafted into the transection site. A catheter attached to an osmotic minipump was placed to continuously deliver ChABC or PBS vehicle to the caudal graft-host interface. B, Schematic of a transverse section of spinal cord illustrates the nine locations where AAV was injected into rostral spinal cord. R, Rostral; C, caudal.
a Leica TCS SP2 confocal microscope equipped with a Leica DMRE microscope.
Semithin sections. To quantify the number of axons that grew into the PNGs, a portion from the middle of the grafts from animals injected with AAV5-GFP (n ϭ 3) or AAV5-GFP/caRheb (n ϭ 3) was processed for plastic-embedded, semithin sectioning, as done previously (Tom et al., 2009b) . Briefly, 6 months after grafting into a T7 Tx site, animals were perfused with 4% paraformaldehyde and the grafts were dissected out and postfixed overnight. The grafts were then placed into 0.1 M phosphate buffer the next day. Before embedding, the grafts were immersed in 1% osmium tetroxide, rinsed in PBS, and stained in 2% uranyl acetate. The tissue was then washed and dehydrated in a series of ascending graded alcohols from 70 to 100%. After that, the tissue was treated with propylene oxide and then incubated in a 2:1 solution of Epon/propylene oxide overnight. The following day, the tissue was changed into a mixture of Epon-812 and Araldite and then embedded into silicone molds. The molds with the grafts were placed in a 60°C oven for 3 d to polymerize the plastic. All materials were obtained from Electron Microscopy Sciences. After embedment, 1-m-thick transverse sections of the grafts were cut on a Reichert ultramicrotome.
Myelinated axons were quantified with NIH ImageJ using well established methodology (Islamov et al., 2002; McMurray et al., 2003; Wu et al., 2012) . Quantification was performed blind to treatment group. Briefly, four high-magnification (40ϫ) bright-field images were captured using an Olympus BX51 microscope from each transverse section of the PNG. These images were then stitched together so that the entire section was visible in the montage. Myelinated axons were manually counted in five equivalently sized and similarly located regions from each individual 40ϫ image: the upper left, upper right, lower left, lower right, and center of each image. In total, 20 regions were sampled from each PNG section to cover all portions of the graft. Importantly, each region contained axons throughout to avoid artificially decreasing axon numbers. Four transverse sections per animal were analyzed in this fashion. The average density of myelinated axons was determined and used to calculate a total number of myelinated axons per graft, based on the total size of the graft. The total numbers of axons in the PNG were compared with a Student's t test ( p Ͻ 0.05, criterion for significance).
Quantitation of axons regenerating beyond PNG. Serial 30-m-thick horizontal sections of the spinal cord 1 and 3 months after injury were cut on a cryostat. Regenerated axons of neurons transduced to express GFP or caRheb/GFP were visualized using immunostaining against GFP. The interface between the PNG and caudal spinal cord tissue was visualized with immunofluorescence staining against GFAP. GFP ϩ axons beyond the GFAP ϩ host interface were examined in a subset of sections per rat, i.e., every sixth section (180 m intervals). Regenerating axons at different distances below the PNG/distal spinal cord tissue interface were counted using an Olympus BX51 microscope that had an ocular micrometer. The counting was conducted blind to treatment group. Axons were binned into six categories based on the distance they traveled beyond to the caudal graft edge (0 -250, 251-500, 501-750, 751-1000, 1001-1500, and 1501-2000 m). The numbers of axons per distance in each section were summed for each rat subset. The numbers of axons at each length among the four groups of animals were compared for statistical significance using a one-way ANOVA followed by a Bonferroni correction ( p Ͻ 0.05, criterion for significance; GraphPad Prism 5).
Quantification of GAP-43 and p-S6 staining in neurons.
To assess numbers of transduced supraspinal neurons expressing GAP-43 or p-S6, brainstem sections 300 m from animals 1 month after receiving AAV-GFP or AAV-caRheb injections rostral to a Tx were processed for immunohistochemistry for GFP and GAP-43 or p-S6 as described above. All sections were processed at the same time to minimize variability.
Using immunohistochemistry methodology described above, spinal cord sections 15 mm rostral to the injury site were collected from animals 3 months after T7 Tx and injection of AAV-GFP or AAV-caRheb/GFP. Every sixth section (each 300 m apart) from each animal was immunostained for GFP and GAP-43 or p-S6.
All images of the GFP/GAP-43 or GFP/p-S6 stained sections were acquired using equivalent exposure time settings. Using ImageJ, GFP ϩ and GAP-43 ϩ or p-S6 ϩ neurons were counted in similarly thresholded images. The percentage of GFP ϩ neurons that also expressed GAP-43 or p-S6 was calculated and compared among groups using a Student's t test ( p Ͻ 0.05, criterion for significance; GraphPad Prism 5).
Results

Expressing caRheb in CNS neurons after SCI activates proteins downstream of mTOR
We first wanted to make sure that the viral vectors we were using effectively transduced neurons. Propriospinal and supraspinal neurons are capable of retrogradely transporting AAV after SCI . Here, we injected AAV5-GFP or AAV5-caRheb into spinal cord tissue rostral to a T7 Tx site immediately after the transection. Four weeks later, we found that many neurons within the spinal cord and brainstem expressed GFP ( Fig.  2A) or FLAG (tag for caRheb vector; Fig. 2D ) in their soma, indicating that the viral vectors were effective and transduced a broad range of neurons.
One downstream target of Rheb-mediated activation of mTOR is S6 ribosomal protein (Long et al., 2005; . To provide evidence that the caRheb was functional in our hands, we determined whether expressing caRheb in neurons after SCI increases phosphorylation (p), and thus activation, of S6. Brainstem sections from animals 1 month after injury and AAV injection were immunostained for p-S6 and GFP or FLAG to visualize transduced neurons. Although some nontransduced neurons (Fig. 2E, asterisk) (Fig.  2H ). These data suggest that expressing caRheb in CNS neurons after SCI activates the mTOR pathway.
ChABC digests CSPGs in the scar and the PNG in vivo
In the past, we delivered ChABC via microinjections directly into the parenchyma to digest CSPGs secreted by reactive astrocytes in the glial scar (Tom and Houlé, 2008; Tom et al., 2009b) . Although ChABC delivered in this fashion is active for at least 10 d (Lin et al., 2008) , we wanted to extend the length of time that bioactive ChABC would be available because it could take at least 10 d before axons injured at a thoracic level regenerate into a PNG (Amin and Houle, 2010). We postulated that delivering thermostabilized ChABC intrathecally to the lesion/ graft site via osmotic minipump would effectively digest scarassociated CSPGs over a prolonged period of time. To determine whether this was true, we perfused animals 3 months after T7 Tx, grafting of PN into the fresh lesion cavity, and 2 week intrathecal delivery of ChABC or PBS starting acutely after injury. Horizontal sections containing the PNG and spinal cord caudal to the graft were immunostained with antibodies against intact CSPGs (CS-56) or the four-sugar stub that remains following ChABCdigestion (C-4-S). In PBS-treated animals, the scarred boundary between the PNG and host spinal cord tissue displayed strong CS-56 staining (Figs. 3 A, C) , indicating that glial scar was rich in intact CSPGs. There was also a lot of staining in the PNG, indicating that the PNG is abundant in CSPGs, as found previously (Zuo et al., 1998) . There was virtually no C-4-S staining in these animals (Figs. 3 B, C) . On the other hand, in ChABC-treated animals, we observed less intense CS-56 immunoreactivity in the PNG and almost none in the parenchyma caudal to the injury (Figs. 3 D, F ) . Furthermore, there was abundant C-4-S staining in these regions (Figs. 3 E, F ) , indicating that intrathecally delivering ChABC for at least 2 weeks was effective and resulted in long-term digestion of CSPGs within the glial scar.
caRheb expression promotes growth of axons into a PNG Degrading CSPGs with ChABC is not necessary to attract injured axons into a PNG (Tom et al., 2009b ). However, it is possible that expressing caRheb in neurons after injury will improve their ability to regenerate into a PNG. Six months after T7 Tx, virus injections, and grafting, semithin sections containing the grafts were processed to identify myelinated axons that extended into the PNG. The numbers of myelinated axons in the grafts were counted using well established methodology (Islamov et al., 2002; McMurray et al., 2003; Wu et al., 2012) . As expected, there was considerable regrowth into a PNG in both the AAV-GFP and -caRheb groups. In the animals treated with just AAV-GFP, thousands of myelinated axons grew into the graft (Figs. 4A,C) . Expressing caRheb in neurons after injury significantly increased that number (Figs. 4B,C; p Ͻ 0.05). These data indicate that caRheb expression promoted growth of axons into a PNG.
Propriospinal neurons project axons into the PNG Principally propriospinal neurons and very few supraspinal neurons regenerate into a PN grafted into a lower level SCI site, such as T7 (Richardson et al., 1984) . The methodology we used to inject AAV results in transduction of propriospinal neurons and multiple populations within the brainstem . Thus, we wanted to determine whether expressing caRheb in supraspinal neurons improved regeneration of descending axons into a PNG. To do so, 1 month after grafting a PN into T7 Tx animals injected with AAV-GFP or -caRheb, the tracer TB was applied to the distal end of the PNG to retrogradely label neurons that regenerated axons into the graft. We primarily observed TB ϩ Figure 2 . Transduction of neurons with AAV-caRheb induces p-S6. Brainstem sections from rats 4 weeks after receiving AAV-GFP injection or caRheb were stained for GFP and FLAG, respectively, (green) and p-S6 (red). AAV-GFP transduced neurons (A, arrowheads) did not show immunoreactivity for p-S6 (B, arrowheads). The merged image confirms that neurons expressing GFP control did not express p-S6 (C). Although some FLAG Ϫ neurons that were not transduced by AAV-caRheb (D, asterisk) expressed p-S6 (E, F, asterisk), significantly more FLAG ϩ , AAV-caRheb transduced neurons (D, F, arrows) had high levels of p-S6 (E, F, arrows) . G-H, Quantification of the percentage of transduced neurons that were also p-S6 ϩ . In both brainstem (G) and spinal cord (H ), the caRheb-expressing animals had a significantly higher percentage of transduced, GFP ϩ or FLAG ϩ neurons that were also immunoreactive for p-S6. **p Ͻ 0.01, ***p Ͻ 0.005; N ϭ 3; mean Ϯ SEM indicated. Scale bar, 50 m. neurons distributed bilaterally in the spinal cord rostral to the injury. Most labeled neurons were close to the injury site (i.e., T5 and T6 spinal cord levels; Figs. 5 A, B) and in the intermediate gray (Fig. 5A , arrowhead) and ventral horn (Fig. 5A, arrow) . There was no significant difference in the number of TB ϩ neurons in the cord between the two groups (Fig. 5C) .
We found very few TB ϩ neurons in the brain in both caRheband GFP-transduced animals (Fig. 5D ). These neurons were located in the reticular formation and vestibular nuclei. No TB ϩ neurons were observed in cortex (data not shown). Thus, current data indicate that caRheb expression does not result in more neurons projecting axons into the PNG. The neurons whose axons regenerated into the grafts originated mainly from propriospinal neurons in close proximity to the injury site.
Combining caRheb expression in neurons and ChABC treatment of the glial scar enhances axon growth beyond a PNG
We first assessed whether caRheb expression in neurons would induce more axons to emerge from the graft in the absence of glial scar modification. Though caRhebexpressing neurons contained FLAG in their somas (Fig. 2D) , we did not detect FLAG in any axons (data not shown). Thus we sought to use GFP, which is transported down the axon and fills the axoplasm , to identify axons extending from transduced neurons. We found that injecting a mixture of AAV-GFP and AAV-caRheb intraspinally transduces virtually the same neurons (Fig. 6) ; virtually every GFP ϩ cell (Fig.  6 A, C) was also FLAG ϩ ( Fig. 6 B, C) , indicating that we can indeed use GFP to visualize axons from neurons expressing caRheb.
When the boundary between the distal PNG and caudal spinal cord tissue was treated with PBS in animals injected with just AAV-GFP, the vast majority of GFP ϩ axons in the graft remained trapped by the glial scar (Fig. 7A) . We observed that few GFP ϩ axons had extended 0 -250 m beyond the graft-host interface into spinal cord when assessed 1 (Fig. 8A ) or 3 months later (Fig. 8B) , similar to results from our previous studies (Houle et al., 2006; Tom et al., 2009b Tom et al., , 2013 . Expressing caRheb did not increase the number of axons at either time point when PBS vehicle was administered to the interface (Figs. 7B, 8) . In both conditions, even fewer axons were found at longer distances from the interface. These data indicate that expression of caRheb alone is not sufficient to enhance regeneration across an intact, inhibitory glial scar.
As we showed before, ChABC digestion of the scar at the distal graft interface significantly increased the numbers of axons that grew out of the PNG and into host tissue. In animals injected with just AAV-GFP and intrathecally administered ChABC, significantly more axons were found coursing through the GFAP ϩ rich interface (Fig. 7C , arrowheads) than in animals treated with GFPϩPBS or caRhebϩPBS ( p Ͻ 0.05; Figure 4 . caRheb expression promotes axonal growth into a peripheral nerve graft. Segments of PN that were grafted into the T7 Tx sites from animals transduced with AAV-GFP (A) or -caRheb (B) were processed for semithin sectioning to assess the number of myelinated axons grew into the transplant. Though many myelinated axons were found to have extended into the PNG in both groups, the number of myelinated axons in PNG is significantly higher in the caRheb animals (C). Scale bar, 50 m. Mean Ϯ SEM indicated. N ϭ 3; *ϭ p Ͻ 0.05. Figure 5 . Axons extending into the peripheral nerve graft are mainly from propriospinal neurons. The retrograde TB tracer was placed on the exposed distal end of PNG 1 month after grafting to identify which neurons projected axons into the PNGs following transduction with either AAV-GFP or -caRheb. TB ϩ neurons were counted in a subset of sections. In both groups, most TB ϩ neurons were propriospinals in close proximity to injury site, as seen in the image of a representative section in A and in the graph in B. A few neurons were located within the brain (D). There was no significant difference in the total number of TB ϩ neurons between groups in either spinal cord (C) or in the brain (D). Mean Ϯ SEM indicated. N ϭ 3. Scale bar, 300 m. Fig. 8) . Interestingly, expressing caRheb further enhanced the ability of axons to extend beyond a ChABC-treated scar. Significantly more axons traversed the interface and into distal cord (Figs. 7 D, E, arrows) at both time points ( Fig.  8 ; p Ͻ 0.05). Not only did caRheb enhance the ability of axons to traverse the ChABC-treated scar, it also significantly increased the distance these axons regenerated back into spinal cord (Figs.  7F-H ). There were significantly more GFP ϩ axons at 500 m caudal to the PNG interface 3 months after injury in the caRhebϩChABC-treated animals than in any of the other groups. In particular, caRhebϩChABC animals had ϳ1.8ϫ more axons than GFPϩChABC animals at that distance ( Fig. 8 ; p Ͻ 0.05). We also saw that combining caRheb with ChABC-modulation of the glial scar increased the number of axons 750 m distal to the graft boundary ϳ2.4ϫ ( Fig. 8 ; p Ͻ 0.05). Last, we only observed GFP ϩ axons 2 mm caudal to the lesion site in the caRhebϩChABC animals.
Axons regenerating beyond the PNG originate from propriospinal neurons
Though mainly propriospinal neurons regenerated into the PNG, some brainstem neurons did as well (Fig. 5) . Thus, we sought to determine which neurons regenerated out of the PNG by injecting the retrograde tracer FluoroGold (FG) caudal to the transplant 3 months after Tx, injections of AAV-GFP or -caRheb, grafting of PN into the lesion site, and intrathecal delivery of ChABC.
As with any tracer, even a small volume of very dilute FG has the propensity to diffuse. If FG diffuses into the PNG, neurons that grew into the PNG could take the tracer up, regardless of whether or not they extended axons out of the graft. We wanted to ensure that any FGϩ neurons rostral to the injury resulted from actual axonal uptake of tracer caudal to the PNG. Thus, we injected FG 7 mm caudal to the PNG, which is far from where we found regenerated axons (Fig. 8) , to guarantee that FG diffused close to the PNG/spinal cord boundary but not into the PNG. Thus, only neurons that extended axons out of the PNG to where the FG diffused took up the tracer and retrogradely transported it to their cell bodies rostral to the Tx/PNG site (Fig. 9 A, AЈ) . As such, we did not observe any FG ϩ cells rostral to the Tx in animals not treated with ChABC (Fig. 9B) , where regeneration beyond the PNG is minimal (Fig. 8 ).
There were significantly more FG ϩ neurons in rostral spinal cord in the caRhebϩChABC animals than in GFPϩChABC animals ( Fig. 9C, D ; p Ͻ 0.05). These neurons were primarily located within a few mm rostral to the injury site (Fig. 9C) . We did not see any FG ϩ neurons in brainstem, suggesting that the few supraspinal neurons that did regenerate into the graft did not extend axons very far, if at all, beyond the transplants, even when expressing caRheb. These data indicate that caRheb expression increases the regenerative ability of propriospinal neurons across a thoracic SCI site treated with ChABC.
Regenerating axons form putative synapses
To determine whether regenerated axons possibly formed synapses upon host neurons in spinal cord distal to the graft, sections from animals 3 months after injury and grafting were immunostained for GFP (to visualize regenerating axons) and the presynaptic marker synaptophysin. GFP ϩ regenerating axons that penetrated the distal graft-host interface to extend into gray mat- Figure 6 . Injecting a mixture of AAV-GFP and -caRheb transduces the same neurons. Confocal images of a representative brainstem section 1 month after intraspinal injections of AAV-GFP and AAV-caRheb-FLAG. Virtually all GFP ϩ (A, green) neurons are also FLAG ϩ (B, red; arrowheads in A-C), indicating that both vectors transduce the same neurons. *GFP ϩ neuron that is FLAG Ϫ , demonstrating specificity of the signal. Scale bar, 37.5 m. Figure 7 . Expression of caRheb enhances axonal regeneration beyond a ChABC-treated PNG interface into host spinal cord tissue. Representative confocal images of horizontal sections containing the PNG and caudal spinal cord from animals 3 months after T7 Tx. Sections were immunostained for GFAP (red) to visualize astrocytes within the host spinal cord tissue and GFP (green) to identify regenerating axons. Few GFP ϩ axons emerged from a PNG to extend into distal cord in the GFPϩPBS animals (A) and in the caRhebϩPBS animals (B). Modification of the scar with ChABC improved the ability of axons to traverse the interface (C, arrowheads). When ChABC modulation of the glial scar was combined with neuronal expression of caRheb, many more axons were able to course across the scar (D, E, arrows) and extend for long distances within caudal spinal cord (F-H ). Boxed regions in D are shown at higher-magnification in E-H. Scale bars, 100 m.
ter of host spinal cord tissue colocalized with synaptophysin (Fig.  10A, arrow) . To provide further evidence that regenerated axons form putative synapses with appropriate synaptic machinery, we also immunostained some sections from the same animals for GFP and two critical components of functional glutamatergic synapses: PSD-95 and presynaptic VGLUT2 (Eroglu et al., 2009; Kucukdereli et al., 2011) . In single-plane confocal images of these sections, we found PSD-95 ϩ puncta adjacent to VGLUT2 ϩ puncta within GFP ϩ axons ( Fig. 10B; arrowhead) , suggestive of an excitatory, glutamatergic synapse. Collectively, these data indicate that regenerated axons formed putative synapses with appropriate presynaptic and postsynaptic machinery for a functioning synapse.
caRheb expression induces axonal sprouting in cervical spinal cord
Previous studies have reported that PTEN deletion in neonatal and young adult animals enhances compensatory axonal sprouting . Consistent with this, we observed more axons growing into the PNG after caRhebinduced mTOR activation than after AAV-GFP, despite similar numbers of neurons growing into the graft in both groups (Figs.  4, 5) . To further analyze whether caRheb-expression increases axonal sprouting, we assessed GFP ϩ axon density in gray matter of C5 spinal cord, far rostral to the T7 Tx site. The only GFP ϩ structures visible at this level were axons; no cell bodies were labeled. In animals injected with AAV-GFP, we found some GFP ϩ axons within the cervical intermediate gray matter (Fig.  11A) , which is where multiple supraspinal projections normally terminate. We observed significantly more GFP ϩ axons within intermediate gray in animals injected with AAV-caRheb (Figs. 11 B, C; p Ͻ 0.05). These data indicate that activation of mTOR via caRheb also increases axonal sprouting rostral to a SCI site.
Increased expression of GAP-43 in neurons transduced with AAV-caRheb
Having observed enhanced axon regeneration and sprouting in the animals injected with AAV-caRheb, we wanted to begin exploring the candidate proteins that might account for such an effect. Because levels of GAP-43 have been correlated with axon growth potential Benowitz and Routtenberg, 1997; Chaisuksunt et al., 2000; Grasselli et al., 2011) , we wanted to determine whether neurons transduced with caRheb have increased levels of GAP-43. One month after T7 Tx and AAV-GFP or -caRheb injection rostral to the injury site, we found many GFP ϩ neurons in the brainstem, including in the reticular formation (Figs.  12 A, D) . In the AAV-GFP animals, some GFP ϩ neurons colocalized with GAP-43 expression (Figs. 12A-C, arrow) . However, most GFP ϩ neurons did not express detectable GAP-43 (Figs. 12A-C, arrowheads) . On the other hand, in the animals injected with AAV-caRheb, significantly more GFP ϩ neurons (ϳ1.9ϫ more) also expressed GAP-43 (Figs. 12D-F , asterisks, G, p Ͻ 0.05). These data indicate that GAP-43 is a downstream protein target of caRheb-activated mTOR.
Discussion
As embryonic neurons mature, their intrinsic growth capacity decreases. One of the factors that limit axonal regeneration of adult neurons is the developmental regulation of proteins involved in protein synthesis, such as S6 ribosomal protein . MTOR is part of a complex whose stimulation results in protein synthesis via phosphorylation of S6 and eukaryotic translation initiation factor 4E. Activation of the mTOR pathway has been shown to improve the intrinsic axon regenerative ability of retinal ganglion cells , cortical neurons that project to the spinal cord via the corticospinal tract (CST; , and DRGs (Abe et al., 2010; Christie et al., 2010; Zhou et al., 2012) . These observations suggest that the level of mTOR activity is positively correlated with the growth capability of a variety of neuron types (Lu et al., 2014) . However, whether stimulating the mTOR pathway promotes regeneration of all types of axons in the adult CNS remains unknown.
The means to active mTOR in this study is a mutant, constitutively active form of Rheb that exhibits resistance to GTPase inactivation (Yan et al., 2006) . Rheb is active when bound to GTP and is inactive when bound to GDP. That caRheb positively affects neuronal survival and growth was previously demonstrated in a Parkinson's disease model (Kim et al., 2012) . Injecting AAVcaRheb into the substantial nigra 6 weeks after a neurotoxininduced intrastriatal lesion partially restored degenerated, nigrostriatal dopaminergic axonal projections. A very intriguing aspect of this study is that caRheb induced axonal regrowth when expressed at a postinjury time point. To our knowledge, no study has definitively established that increasing mTOR activity after a complete SCI promotes axonal regeneration of injured fibers. Here we asked whether caRheb-mediated activation of mTOR in neurons following SCI enhances axon growth. Expressing caRheb alone was not sufficient to spur regrowth of axons out of a PNG. However, combining ChABC treatment of the glial scar and neuronal caRheb expression significantly augmented the number of propriospinal axons capable of reinnervating distal spinal cord (Figs. 7, 8) . Importantly, these axons formed putative Figure 8 . Quantification of axon regeneration beyond a PNG. Regenerating GFP ϩ axons at several distances distal to the graft-host spinal cord interface were counted in a subset of sections and binned into 250 m intervals. A, One month after injury, significantly more axons grew out from the PNG 250 and 500 m into caudal spinal cord in both ChABC-treated groups than either PBS-treated group. Additionally, there were significantly more axons 500 m distal to the PNG in caRhebϩChABC animals than GFPϩChABC animals. B, Three months after injury, significantly more axons were found 250, 500, and 750 m caudal to the PNG in both ChABC groups than either PBS group (B; # p Ͻ 0.05, ## p Ͻ 0.01, ### p Ͻ 0.005). CaRhebϩChABC animals have significantly more axons than the other three groups 500 and 750 m distal to the graft. Mean Ϯ SEM indicated. N ϭ 3; *p Ͻ 0.05.
synapses. The functional relevance of this regeneration will be assessed in future experiments.
MTOR is thought to enhance axon growth via increased protein synthesis, though of which proteins is not well studied. The level of growth-associated proteins, such as GAP-43 and CAP-23, is correlated with the ability of axons to extend (Kalil and Skene, 1986; Bomze et al., 2001) . Interestingly, we found that caRheb resulted in more neurons expressing detectable immunoreactivity for GAP-43 (Fig. 12) , elucidating a possible mechanism for the improved growth we observed. Other proteins including integrins (Condic, 2001; Andrews et al., 2009; Hawthorne et al., 2011) , cytoskeletal elements like tubulin (Miller et al., 1989; Tetzlaff et al., 1991; McPhail et al., 2004) , and components that transport these factors down the axon (Eva et al., 2010 (Eva et al., , 2012 Mar et al., 2014; Franssen et al., 2015) have also been implicated in regulating growth. It would be interesting to determine whether levels of these proteins are similarly altered in neurons expressing caRheb.
Which neurons regenerate into a PNG is highly dependent upon the distance of the axotomy from the soma; the greater the distance, the less likely a neuron will upregulate regeneration associated genes and re-extend a severed axon (Fernandes et al., 1999; Siebert et al., 2010) . Thus, a PN grafted into a thoracic SCI is virtually absent of descending axons and primarily contains axons from propriospinal neurons (Richardson et al., 1984) . Expressing caRheb did not alter the total number of neurons that regenerated into the graft (Fig. 5) . On the other hand, it did significantly increase the number of myelinated axons present in the PNG sections (Fig. 4) , indicative of intensified sprouting. While we have evidence that caRheb resulted in more sprouting rostral to the PNG (Fig.  11) , we did not analyze sequential sections of the PNG to compare the number of axons at the rostral and caudal ends of the PNG. Thus, we do not know with certainty whether the greater numbers of axons within the PNG is due to sprouting before entry into the PNG or sprouting within the PNG. Nev- ertheless, collectively, these data suggest that mTOR activation postinjury enhances the ability to sprout collaterals but does not necessarily enhance the ability of an adult neuron to regenerate into an extremely growth-supportive substrate such as a PNG. Because propriospinal neurons are primarily the ones that extend into the PNG here (Fig. 5) , it is likely that the increased fibers we observed within the graft are of intraspinal origin. It will be important in future studies to determine whether certain populations are more susceptible to caRheb/mTOR-enhanced sprouting.
These data confirm other published data indicating that mTOR can mediate axonal branching (Grider et al., 2009; . PTEN deletion in sensorimotor cortex of young adult rats before a unilateral pyramidotomy resulted in more sprouting of spared CST fibers into denervated, contralateral spinal cord . Additionally, conditionally knocking out PTEN in sensorimotor cortical neurons in young adult mice immediately after a bilateral cervical contusion injury increased arborization of CST fibers rostral to the injury (Danilov and Steward, 2015) . Similarly, in the caRheb animals in this study, in which various supraspinal populations other than cortical neurons were transduced, we saw more GFP ϩ axons in cervical spinal cord far rostral to the thoracic Tx site (Fig. 11) .
Interestingly, increased levels of GAP-43, which is what we observed in the neurons expressing caRheb, have also been associated with increased axonal branching (Schreyer and Skene, 1993; Buffo et al., 1997; Allegra Mascaro et al., 2013) . Identifying a treatment that can be enacted after an injury that promotes significant sprouting can be an important component of a strategy to promote functional recovery after SCI. Spontaneous collateralization of a variety of populations, e.g., propriospinal and reticulospinal neurons (Bareyre et al., 2004; Ballermann and Fouad, 2006; Courtine et al., 2008; Filli et al., 2014) , after incomplete SCI has been associated with behavioral recovery. Elucidating a means to further enhance this plasticity could be beneficial. Although we do not definitively know which neurons sprouted in cervical spinal cord, neurons within the reticular formation and vestibular nucleus are transduced in our model . Furthermore, we have evidence that caRheb increases GAP-43 expression levels in these supraspinal populations (Fig. 12) . Future experiments will expand upon this.
It has recently come to light that ChABC treatment after SCI can modulate the immune response and shift the phenotype of infiltrating macrophages from classically activated, proinflammatory M1 to alternatively activated, anti-inflammatory M2 macrophages (Bartus et al., 2014; Didangelos et al., 2014) . Although invasion of M1 macrophages into spinal cord tissue after SCI are associated with cell death and lesion expansion (Blight, 1994; Popovich et al., 1999; Faulkner et al., 2004; Kroner et al., 2014) , M2 macrophages are associated with repair and spurring axon growth (Kigerl et al., 2009; Busch et al., 2011 ). It will be interesting to determine if/how caRheb expression in neurons Figure 11 . caRheb expression enhances axonal sprouting rostral to a SCI site. Transverse sections of C5 spinal cord were collected from animals 3 months after T7 Tx and AAV-GFP or AAV-caRheb injection. Although some GFP ϩ axons are seen in AAV-GFP injected animals (A), significantly more GFP ϩ axons are seen in AAV-caRheb transduced animals (B). C, GFP ϩ areas in thresholded images of intermediate gray were quantified for each group. Significantly more GFP was measured, indicating that caRheb promotes sprouting of axons far rostral to an injury site. *p Ͻ 0.05, N ϭ 3. Mean Ϯ SEM indicated. after SCI affects the growth-promoting effect of ChABCstimulated M2 macrophages.
The finding that activating mTOR in adult neurons alone does not effectively promote regeneration is not wholly surprising. These injured axons continue to express receptors, such as PTP (Shen et al., 2009) and LAR (Fisher et al., 2011) , for growthinhibitory CSPGs that are still intact within an unmodified scar. Moreover, when Lewandowski and Steward (2014) used AAVshPTEN to drive mTOR activity in rat sensorimotor cortical neurons, they did not observe enhanced CST sprouting or regrowth across a lesion site. It was only when they combined PTEN knockdown with salmon fibrin did they see more CST fibers closer to the injury site, indicative of increased regrowth or diminished retraction. Other factors, e.g., SOCS3 (Sun et al., 2011 ), STAT3 (Bareyre et al., 2011 Lang et al., 2013 ), sox11 (Wang et al., 2015 , c-myc , Krüppel-like factor-4 (KLF-4; Moore et al., 2009; Qin et al., 2013) , and KLF-7 (Blackmore et al., 2012) also seem to modulate regenerative potential. Along these lines, in this study, we found that not all neurons that were transduced to express caRheb expressed GAP-43. Thus, to mount a truly robust regenerative response, it is likely that multiple proteins will need to be manipulated. Indeed, codeletion of PTEN and SOCS3 results in more retinal ganglion cell regeneration after optic nerve injury than when either is knocked down alone (Sun et al., 2011) .
In conclusion, expressing caRheb to activate mTOR in neurons after SCI enhances axonal sprouting and regeneration. The latter was only seen when caRheb was combined with modulation of extrinsic, scar-associated inhibitory factors. This is the first clear demonstration that modulating mTOR in adult CNS neurons postinjury stimulates robust axonal regrowth after a complete lower level SCI, an extremely challenging injury model in which to promote regeneration of endogenous axons. In future studies, it will be important to focus on optimizing the conditions for more efficient regeneration, as well as how to shape appropriate synapse formation.
